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Dehydrogenases, NAD,
and Transcription—
What’s the Connection?
In the October issue of Molecular Cell, Kumar et al.
demonstrate that the C-terminal binding protein
(CtBP) is an NAD-dependent dehydrogenase that links
enzymatic activity to protein-protein contacts associ-
ated with transcriptional repression, and implicates
a broader involvement of enzymes and NAD in the
regulation of gene expression.
Enzymes have long been known to be essential players
in biochemical reactions. However, up until the mid
1990s, the initiation or repression of RNA transcription
Structures of NAD-Dependent Transcriptional Regulatory Proteinswas thought to be largely orchestrated by transcriptional
Left panel: structure of C-terminal binding protein (CtBP) bound toactivation and recruitment domains that facilitated “in-
NAD (red) with the NAD binding domain, substrate specificityduced fit” protein-protein interactions. For those study-
domain, and connection region color coded. Right panel: structureing transcription, as well as for those studying chromatin
of the Archaeoglobus fulgidus Sir2 homolog (Sir2-Af1) bound to
regulation, 1996 was a landmark year. In that year, Allis NAD. A bound zinc atom is shown in pink.
and coworkers reported the first isolation of a histone
acetyltransferase (HAT) enzyme from Tetrahymena, the
paralog of the previously characterized transcriptional ing the nuclear receptor coregulator RIP140, to mediate
short-range transcriptional repression. A particularly in-coactivator from yeast, Gcn5 [1]. This correlation was
the first direct link between RNA transcription and chro- triguing aspect of CtBP was its sequence homology to
D2-hydroxyacid dehydrogenases [4]. Kumar et al. nowmatin regulation and, in particular, pointed to the impor-
tance of enzymes in gene activation. Following this, sev- report on the high-resolution crystal structure of CtBP
bound to NAD (see Figure, left panel) showing struc-eral additional histone HAT/transcriptional coactivators
were identified, including p300/CBP, Esa1, and TAFII250, tural homology to D2-hydroxyacid dehydrogenases.
More importantly, the current study also demonstratesas well as the sequence-specific DNA binding transcrip-
tional activator ATF-2. More recently, it has also been that CtBP has NAD-dependent dehydrogenase activity
and that a functional enzymatic domain of CtBP is nec-shown that nonhistone transcription factors are also
targets for these HAT enzymes. Such targets include essary and sufficient for E1A interaction and E1A- and
RIP140-mediated transcriptional repression. Intrigu-a long list of transcriptional activators, including two
important players in the development of human cancer, ingly, Kumar et al. find that NAD and NADH are equally
effective in promoting the interaction between CtBP andp53 and E2F. In addition to HATs, other enzymatic activi-
ties have been correlated with gene activation as well E1A, while an earlier report showed that NADH was two
to three orders of magnitude more effective in promotingas repression and silencing [2]. These enzymes include
methyltransferases, kinases, deacetylases, and, most E1A interaction [5]. Nonetheless, since NAD/NADH-
induced conformational changes are key features ofrecently, ubiquitinases. Many of these enzymes exhibit
histone type and residue specificity. Finally, a series of NAD-dependent dehydrogenases, both results argue
that conformational change induced by cofactor bindingvery recent studies supports the notion that, at least with
respect to histone modifications, these enzymatically may be a critical component of CtBP-mediated tran-
scriptional repression. In addition, the mutational sensi-mediated posttranslational modifications are mechanis-
tically coordinated. Now, in the October issue of Molecu- tivity of putative catalytic residues of CtBP for E1A bind-
ing and E1A- and RIP140-mediated transcriptionallar Cell, Kumar et al. report on the structural and func-
tional characterization of the C-terminal binding protein repression argues that the catalytic function of CtBP is
also critical.(CtBP), a transcriptional corepressor with NAD-regu-
lated dehydrogenase activity that may link enzymatic These findings are exciting and provocative in several
ways. First, they implicate an even broader requirementactivity to induced fit protein-protein interactions re-
quired for corepressor function [3]. for enzymes in gene regulation, adding dehydrogenases
to the transcriptional regulatory enzymatic soup. Sec-CtBP was initially identified through its ability to inter-
act with and repress the transactivation potential of the ond, they suggest that induced fit protein-protein inter-
action properties and enzymatic functions of transcrip-adenovirus E1A protein, and subsequently shown to
interact with several other transcription factors, includ- tional regulators may be mechanistically linked. And
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finally, and probably most intriguingly, these studies the transcriptional modulatory role of NAD linked to its
point to NAD as a modulator of gene expression. NAD role in cellular metabolism and possibly also aging as
first came onto the transcriptional scene when Guarente postulated for Sir2? Questions such as these have al-
and coworkers reported that the Sir2 transcriptional si- ways kept molecular biologists and biochemists study-
lencing protein was an NAD-dependent histone deacet- ing transcription and chromatin regulation busy. The
ylase, linking cellular NAD levels to transcriptional func- difference now is that enzymologists, structural biolo-
tion [6]. More recently, McKnight and coworkers have gists, and cell biologists can also join the party.
reported that the DNA binding activity of the hetero-
dimeric Clock/NPAS2 transcriptional regulator is modu-
Ronen Marmorsteinlated by the redox state of NAD cofactors [7]. Interest-
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side of the pyranose ring, an aspartic acid, D1, is close to
the glycosidic oxygen atom of Neu5Ac and is implicated
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The Trypanosomal Trans-Sialidase:
Two Catalytic Functions (directly or via a water molecule) in hydrolysis; and
Neu5Ac binding results in the carboxylate becomingAssociated with One Catalytic Site
equatorial, with the pyranose ring in a twist boat confor-
mation. Furthermore, the catalytic site appears to be
structurally prepared for catalysis, at least in the sense
that no significant protein structural change accompan-The structure of the trypanosomal trans-sialidase re-
ies binding of either sialic acid or the transition stateveals a canonical sialidase catalytic site elaborated
analog (see Table). The catalytic sites of these differentwith a conformational switch that creates an adjacent
sialidases are variable in their binding interactions withbinding pocket for lactose.
elements of the substrate that are farther removed from
the hydrolyzable glycosidic bond (namely, the 4-hydroxyl-,
Three-dimensional structures of sialidases (neuramini- N-acetyl-, and glycerol substituents of Neu5Ac). Al-
dases) from influenza viruses, several bacterial sources, though some of these sialidases show preference for
leech, and a trypanosome have been known for some either -2,6 or -2,3 linkages, in no case has the aglycon
time [1–3], and although the catalytic parameters vary galactose been observed bound to the enzyme.
significantly, a common structural theme is evident (see The trypanosomal trans-sialidase (TS) is different in
Figure). All structures are six-bladed propellers; a clus- that it has two enzyme activities. In addition to removing
ter of three arginyl residues, R1, R4, and R5, form a pocket terminal Neu5Ac from oligosaccharide chains, it can
for the carboxylate moiety of sialic acid (Neu5Ac), which transfer the reaction product Neu5Ac to an acceptor
binds close to the propeller axis; a tyrosyl residue Y6 substrate, such as lactose. Now, in the October issue
(hydrogen bonded to a glutamate E4) is in van der Waals of Molecular Cell, structural studies of the Trypanosoma
contact with the C2 atom of Neu5Ac (3.1 A˚) and in cruzi TS by Alzari and coworkers begin to show how
short contact with that same atom of the bound transi- this is achieved by elaboration of an archetypal sialidase
active site.tion state analog Neu5Ac2en (2.8 A˚); on the solvent
